We have carried out observations toward the W3 complex and G34.3+0.15 using the TRAO 14 m radio telescope to examine in detail the chemical variations occurring while molecular clouds evolve from the prestellar to the H II region phase. Observations include spectral surveys of these objects between 84.7 and 115.6 GHz; mapping observations toward W3(OH) with the emissions of CS (2-1), HCN (1-0), HNC (1-0), and HCO+ (1-0); and mapping of CS (2-1) emission toward W3 IRS 5. Chemical model calculations are used to estimate the age of W3(OH) by comparing with the fractional abundances of detected molecules. We found that G34.3+0.15 and W3(OH) are at a similar evolutionary stage, although large differences in the fractional abundances are found in CH3CN and HC3N. Overall, the properties of the detected species and abundances in three regions support the view that chemistry varies as molecular clouds evolve from a cold, collapsing phase to a high-temperature phase, such as the hot core and H II phase. Chemical model calculations for W3(OH) indicate that the evolutionary age of the cloud is 104-105 yr with temperature in the range 10-60 K. ABSTRACT We have carried out observations toward the W3 complex and G34.3+0.15 using the TRAO 14 m radio telescope to examine in detail the chemical variations occurring while molecular clouds evolve from the prestellar to the H ii region phase. Observations include spectral surveys of these objects between 84.7 and 115.6 GHz; mapping observations toward W3(OH) with the emissions of CS (2-1), HCN (1-0), HNC (1-0), and HCO + (1-0); and mapping of CS (2-1) emission toward W3 IRS 5. Chemical model calculations are used to estimate the age of W3(OH) by comparing with the fractional abundances of detected molecules. We found that G34.3+0.15 and W3(OH) are at a similar evolutionary stage, although large differences in the fractional abundances are found in CH 3 CN and HC 3 N. Overall, the properties of the detected species and abundances in three regions support the view that chemistry varies as molecular clouds evolve from a cold, collapsing phase to a high-temperature phase, such as the hot core and H ii phase. Chemical model calculations for W3(OH) indicate that the evolutionary age of the cloud is 10 4 -10 5 yr with temperature in the range 10-60 K. Subject headingg s: H ii regions -ISM: abundances -ISM: individual (W3(OH), W3 IRS 5, G34.3+0.15)
INTRODUCTION
It is known that chemical properties of molecular clouds vary during their evolution. The onset of central protostars, compared with the cold dark collapsing phase, plays a critical role in driving the chemistry in the surrounding dense region by providing a high temperature and density. Molecular line surveys, among many observational techniques, are one of the most powerful methods for the investigation of the chemistry. The identified molecules, which are sensitive to various chemical reactions in the molecular clouds, can be used to investigate the formation and evolution of molecular clouds. Representative line surveys performed over the last few decades are listed in Table 1 . Valuable information on interstellar chemistry and the evolution of molecular clouds has been obtained from the surveys. However, as shown in Table 1 , they have been limited to a few objects, such as Sgr B2 (Cummins et al.1986; Turner1989; Sutton et al.1991 ) and the nearby Orion-KL region (Johansson et al. 1984; Jewell et al. 1989; Turner 1989; Blake et al. 1986 Blake et al. , 1996 Ziurys & McGonagle 1993; Schilke et al. 1997) .
Recently, other sources have been chosen for molecular line surveys: the ultracompact H ii region G34.3+0.15 (MacDonald et al. 1996; Kim et al. 2000) ; the low-mass star-forming region IRAS 16293À2422 (van Dishoeck et al. 1995) ; the protostellar region IRAS 17470À2853 (Kim et al. 2002) ; and the late-type star IRC +10216 (Kawaguchi et al.1995; Cernicharo et al. 2000) . It is important to study the sources for which significant chemical variations are expected, as predicted by models. Detailed examination has been undertaken for individual species present in Orion-KL and Sgr B2 (Turner 1991) in order to test the models. Although the results toward these two sources have provided us with interesting information on the nature of dense cores, the complex physical structure of Orion-KL and Sgr B2 has limited our understanding of the chemical processes. The molecular abundances derived from these objects contain large uncertainties due to the blending of adjacent transitions compared to low-mass and isolated objects. Therefore, Orion-KL and Sgr B2 do not provide a favorable environment for the study of relative chemical variations and ultimately for the determination of the evolutionary stage, although observations toward the objects have enabled us to understand the close relationship between the chemistry and the evolution of molecular clouds.
Observations toward the hot core (MacDonald et al.1996 ) and the cold halo (Thompson & MacDonald. 1999 ) of the source G34.3+0.15 have revealed significant chemical variations between these two distinct physical components within this object. A distinct chemistry was also noticed from observations of SO 2 , CH 3 OH, and H 2 CS (Helmich et al. 1994 ) and submillimeter molecular line surveys (Helmich & van Dishoeck 1997) of the W3 region.
Models of gas-phase, ion-molecule chemistry can reasonably reproduce the observed abundance of carbon-chain species in the cold dark clouds (Herbst et al. 1984; Millar & Freeman 1984) . However, such ion-molecule chemical models alone cannot satisfactorily account for the observed high abundance of molecules containing H or S atoms in star-forming molecular clouds. Coupling of gas-phase and grain-surface reactions (e.g., van Dishoeck & Blake 1998) has been emphasized in recent chemical models in order to cope with the discrepancy. Representative models have been developed for hot cores by Millar et al. (1991) and by Charnley et al. (1995) . According to these models, hydrogen, sulfur, ionized, and neutral molecules are readily deposited onto dust surfaces as the density increases during the collapsing phase of interstellar clouds. The formation of complex, heavy species containing hydrogen becomes inhibited, leading to slow reactions of those species in the earlier collapsing phase (t < 10 4 yr).
Radiation from the protostar then heats up the surrounding gas and grains, releasing volatile species from the dust surface back to gas phase. This stage is called the hot core phase and lasts 10 4 -10 5 yr after the onset of star formation (van Dishoeck & Blake 1998) .
We surveyed W3 region to investigate the chemical evolution as predicted by recent chemical models. We also observed G34.3+ 0.15 in order to identify several missing lines from a previous survey (Kim et al. 2000) . In addition, high-spectral-resolution observations for molecules of interest (CS, HCO + , HCN, HNC, CH 3 CN, and CH 3 CCH) were carried out in G34.3+0.15. The W3 region contains several objects at different evolutionary stages, and G34.3+0.15 is a well-known hot core associated with an ultracompact H ii region. Our TRAO observations toward W3 and G34.3+0.15 provide us with valuable information on interstellar chemistry, because the chemical properties of these sources, differing in mass, core size, and evolutionary stage, are useful for investigating the relationships between the chemical variations and these parameters.
The contents of this paper are as follows: x 1 presents background information on line surveys, evolutionary scenarios, and models presented in the literature. In x 2, general aspects of the W3 complex, focusing on W3(OH) and W3 IRS 5, are given. In xx 3 and 4, we present the observational procedures, line identifications, and spectral displays. In x 5, we discuss individual species of interest detected in the survey. In x 6, we discuss the chemical variations as well as the isotopic ratios of C and S atoms found from G34.3+0.15, W3(OH), and W3 IRS 5. In x 7, the cloud morphology found from CS, HCO + , HCN, and HNC mappings is presented. In x 8, chemical results from model calculations are given. We summarize the results in x 9.
W3 COMPLEX
The W3 complex consists of several infrared sources (WynnWilliams & Becklin 1974; Jaffe et al. 1983; Colley 1980 ) at different evolutionary stages and core masses. The various objects include well-developed shell structure in the H ii regions (W3B, W3C, and near IRS 3 and IRS 4), and several ultracompact H ii regions (W3F, W3M; and near IRS 7 and IRS 5). Strong OH and H 2 O masers, viz. W3(OH) and W3(H 2 O), separated by 6 00 from each other, are also observed.
At least two hot cores have been revealed in W3 from observations of NH 3 lines (Mauersberger et al. 1988 ). Its distance is estimated to be 1.83 kpc, residing in the Perseus arm of the galaxy (Imai et al. 2000) . Helmich & van Dishoeck (1997) performed spectral line surveys through the 345 GHz window toward W3 IRS 4, W3 IRS 5, and W3(OH). Significant differences in the physical and chemical conditions were found in IRS 4, IRS 5, and W3(H 2 O), and the gas temperature seems highest (T $ 220 K) toward W3(H 2 O) compared with those in IRS 4 and IRS 5 (Helmich et al. 1994) . High-velocity (ÁV ¼ 52 km s CO emission (Bally & Lada 1983) .
W3(OH)
The ultracompact H ii region, W3(OH), is an extensively studied site for the investigation of star formation and its influence on the surrounding regions (Wyrowski et al. 1999) . Three peaks are distinguished with subarcsecond resolution observations in the thermal dust continuum emission originating from the hot core region of W3(H 2 O; Wyrowski et al. 1999) . Continuum observations reveal that W3(OH) has a shell structure in the H ii region (Dreher & Welch 1981) . H66, H76, and H110 radio recombination lines having full width at half-maximum (FWHM) of 36, 41, and 69 km s
À1
, respectively, are observed (Sams et al. 1996) . H41, CH 3 CN [5(2)-4(2)], HCN (1-0), HCO + (1-0), and 13 CO (1-0) are detected with amplitudes of 0.4, 0.1, 5.9, 5.5, and 7.6 K, respectively, from observations with the Nobeyama 45 m telescope (Forster et al. 1990 ). Keto et al. (1992) made midinfrared and molecular line observations of W3(OH) and compared them with G34.3+0.15.
W3 IRS 5
W3 IRS 5 is a bright infrared source with a total luminosity of 3 ; 10 5 L (Campbell et al. 1995) and is separated by $75 00 from W3 IRS 4, which is brighter than W3 IRS 5 in the submillimeter wavelength range (Jaffe et al. 1983) . W3 IRS 5 is younger than W3(OH) and appears to be at an earlier stage, evolving toward a hot corelike object (Helmich et al. 1994) . Very long baseline interferometry measurement (Imai et al. 2000) of radial velocities and proper motions of water masers in the W3 IRS 5 region reveals two groups of maser components, which are associated with at least two different outflows. ). The possible presence of disklike structure around a cluster of embedded stars in the mid-infrared images of IRS 5 is inferred (Persi et al. 1996) . The total H 2 mass of the molecular cores associated with IRS 5 is estimated to be 1100 M derived from 13 CO (1-0) and C
18
O (1-0) observations (Roberts et al. 1997) . A luminosity of 6:0 ; 10 5 L and a cloud mass of 1600 M have been derived using 230 GHz continuum observations (Gordon 1987) for the entire complex of W3.
OBSERVATIONS
We carried out molecular line surveys toward W3(OH ) and W3 IRS 5 using the Taeduk Radio Astronomy Observatory (TRAO) 14 m telescope between 2001 November and 2002 February. The receiver system was a low-noise SIS receiver operating in single-sideband mode. For the observations of W3(OH), the back ends were two filter banks in serial mode, each of which has a 1 MHz resolution and 256 MHz bandwidth, providing a total bandwidth of 512 MHz at each local oscillator (LO) tuning. Sensitive 250 kHz measurements toward W3(OH) and W3 IRS 5 were also performed using two 256 channel filter banks in parallel mode after completing the 1 MHz observations of W3(OH), IRAS 18450À0200, and IRAS 18335À0711.
During the observations the typical system temperature was 300 K between 85 and 110 GHz and was 600 K at 115 GHz. Position switching mode observations were carried out, taking a reference position to be 30 0 away in right ascension, which was confirmed to be free of emission. Calibration was performed using the standard chopper-wheel method, which corrects for atmospheric attenuation and scattering of forward spillover, and the intensity was derived in terms of T Ã A scale ( Ulich & Hass 1976) . The beam sizes of the TRAO 14 m telescope are 64 00 and 55 00 at 85 and 115 GHz, respectively. The total on-source integration time of each LO tuning for the 1 MHz observation was 300 s, achieving channel-to-channel rms noise of 0.03-0.05 K, which is consistent with that in G34.3+ 0.15 (Kim et al. 2000) . Therefore, these observations provided an opportunity to compare the chemical properties of the W3 and G34.3+0.15 regions, with data taken with the same telescope system and sensitivity. Pointing and focusing were checked using Cygni. Almost all of the molecular transitions previously detected from the 1 MHz surveys toward G34.3+0.15 (Kim et al. 2000) , W3(OH), IRAS18335À0711, and IRAS 18450À0200 (this work) were also considered for the 250 kHz surveys toward W3(OH) and W3 IRS 5. We also observed selected molecules (HCO + , CS, HCN, HNC, and their isotopic variants) with 250 kHz resolution toward the ultracompact H ii region G34.3+0.15 to examine isotopic ratios and the HCN hyperfine ratio in detail. We measured line emissions from SO 2 , HNCO, CH 3 OH [0(0)-1(À1 (OH) . CS (2-1) mapping of IRAS 18450À0200 shows irregular and elongated distribution in the N-S direction, whereas for IRAS 18335À0711 spherical distribution is shown. The CS (2-1) distribution is consistent with that of 8.6 GHz radio continuum (Walsh et al. 1998) . There is no report on continuum map for IRAS 18335À0711. We will present images and detailed analyses of molecular lines detected in IRAS 18450À0200 and IRAS 18335À 0711 in future work.
The Kim et al. 2000) .
DATA REDUCTION AND DISPLAY

Spectra and Images
Spectra taken with the 1 MHz resolution of the 512 channels spectrometer in serial mode have been averaged and then baseline subtracted using the SPA data reduction package developed at the FCRAO observatory. Some bad channels especially at the edge of the spectra were significant at the upper frequency region when LSB mode observations were performed. The number of bad channels in the worst spectra is about 15-20, equivalent to 15-20 MHz. The total bandwidth for every observation is 512 MHz, but observations were carried out by stepping the central frequency by 500 MHz, resulting in an overlap of approximately 6 MHz between spectra.
For the 250 kHz resolution observations, the spectrometers were configured in a parallel mode, and an average of signals was taken. The typical noise in an averaged spectrum is 0.03-0.05 K for 1 MHz data and 0.06-0.09 K for 250 kHz data. The reduced spectra presented in Figures 1 and 2 were taken toward W3(OH) with the 1 MHz and 250 kHz bandwidths, respectively. The spectra in Figure 1 were obtained by combining two neighboring spectra, giving a bandwidth of $1 GHz. In Figures 3 and 4, 250 kHz spectra taken from W3 IRS 5 and G34.3+0.15, respectively, are presented.
Data taken with mapping observations were made into images using the Contour and Trigrid functions in IDL, and then the images were compared with those processed using CLASS. The two images, which were drawn in terms of antenna temperature, showed a good agreement with each other. The contour maps in Figure 5 were made by taking signals stronger than 5 , which corresponds to 0.4 K.
Line Identification
Line identifications were made exclusively using the catalog of Lovas (1992) . The catalog lists molecular transitions detected from Orion-KL, Sgr B2, and from various interstellar molecular clouds. The number of detected lines in the catalog is sufficient for the use in the line identifications of our 3 mm observations. The identified line frequencies were determined by Gaussian fitting after correcting by the corresponding Doppler shifts of À46 and À39 km s À1 for W3(OH) and W3 IRS 5, respectively, and then compared with the rest frequencies from the Lovas catalog.
A total of 43 transitions including blended lines from 18 species were detected in the 1 MHz observations toward W3(OH), whereas 75 lines from 28 species were detected in the 250 kHz resolution observations (Table 2 ). As shown in Table 2 , most of the lines detected at 250 kHz resolution are weak ($0.1-0.2 K), except for a few lines such as HC 3 N (12-11) and H 13 CO + (1-0). The H 13 CO + (1-0) transition was only observed in 250 kHz resolution; the nondetection of H 13 CO + (1-0) in 1 MHz spectrum was due to bad channels in the vicinity of the emission line. Only 20 lines were detected in W3 IRS 5 (Table 2 ). The detection of H41 recombination line in W3 IRS 5 was interesting, because it was not detected in W3(OH ) but was observed in G34.3+ 0.15 (Kim et al. 2000) . HNCO [4(0, 4) 
, and CH 3 OH [2(1)-1(1) AÀ] transitions were confirmed from high-resolution observations toward the ultracompact H ii region G34.3+0.15 (Table 3) .
Though none of the SO 2 transitions in the 3 mm wavelength were detected from the 1 MHz spectral resolution surveys of Kim et al. (2000) , a number of SO 2 transitions were observed from Orion-KL with strong intensities. Therefore, their detections were expected especially in G34.3+0.15, because in the context of chemistry G34.3+0.15 is more like that in Orion-KL. As a result, we confirmed the SO 2 [3(1, 3)-2(0, 2)] transition in G34.3+0.15, W3(OH), and W3 IRS 5. However, SO 2 [27(3, 25) -26(4, 22)], having an energy level difference of 370 K in temperature, was only detected in G34.3+0.15, just above the noise level (Fig. 4) . SO 2 [25(3, 23)-24(4, 20) ] was not detected.
In order to show the difference in sensitivity between the 1 MHz and 250 kHz spectrometers, we present relative sensitivity curves for the two spectrometers in Figure 6 . The sensitivity curves were obtained from the observations of the SiO (v ¼ 1, J ¼ 2 1) line of a point source, Cygni, with a short exposure time.
INDIVIDUAL MOLECULES
In this section, we present derived abundances of molecules. Since our telescope beam size is large, the derived abundances are affected by the following beam-filling effects. Assuming that antenna response and source brightness distribution are both Gaussian, the beam-filling factor ( s ) can be written as (e.g., Nummelin et al. 1998) 
where (source) is the source size and (telescope beam) is the beam size of the antenna. Then, the corrected brightness temperature is
where T mb is the main-beam brightness temperature. If a source is smaller than the telescope beam, the derived abundance will be underestimated. The source sizes are, however, often not known. Therefore, we caution that our derived abundances are likely to be underestimated for small sources. Distribution of SiO molecules, for instance, is known to be compact, whereas that of CO is mostly extended. The derived column abundances of SiO listed in Table 4 , therefore, are underestimated. On the other hand, the CO distribution is expected to be larger than the telescope beam size. In this paper, we consider the sidelobes of the beam by taking forward spillovers and scattering factors in the column densities. The molecule HCO + is important because it is formed at a more primitive level of chemistry than species like H 2 CO and NH 3 , and the role of ion-molecule chemistry can be tested directly (Turner 1995) . HCO + is closely linked with CO in both the diffuse-and dense-cloud regimes; hence, it provides a probe of ion-molecule chemistry, because the abundance of CO and its isotopomers are particularly well understood as a result of the models of van Dishoeck & Blake (1986 .
In some sources containing low-mass young stellar objects, HCO + appears to be influenced by stellar outflows, and N 2 H + , on the other hand, seems to trace preferentially the quiescent outer envelope (Bachiller 1996a (Bachiller , 1996b Mardones et al 1997; van Dishoeck & Blake 1998) . N 2 H + is known to be more abundant in the quiescent medium than in shocked regions (Bachiller 1996a (Bachiller , 1996b . In contrast to HCO + , no line wings are seen in N 2 H + (Womack et al. 1992) . While N 2 H + is known to be a good tracer of cold clouds, HCO + has been widely used to investigate infall motions of prestellar cores (Gregersen et al. 1997 ). The high abundance of HCO + in such active regions can be accounted by desorption process of ice mantle components, H 2 O and CO, by shock heating (Rawlings et al. 2000) .
In (Womack et al. 1992 ); but it is apparently absent from hot and shocked gas clouds (Womack et al. 1992; Bachiller 1996a Bachiller , 1996b . Therefore, it is likely that either dispersion by shocks generated by outflows from the embedded source (Womack et al. 1992; Bachiller 1996a Bachiller , 1996b or depletion of the species on the dust (Bergin et al. 2002) is responsible for the nondetection of N 2 H + in our observations toward W3 IRS 5. Self-absorption in the line of HCO + was seen in G34.3+0.15 and W3 IRS 5, however, no self-absorption was found in W3(OH) (Fig. 7) . The low column density of HCO + in G34.3+0.15, therefore, might be influenced by absorption in the surrounding cold envelope. The spectral feature of HCO + is found to be redshifted by 3 km s À1 from the central velocity (58 km s
À1
), and an absorption feature was seen at $61 km s
. While the strong HCO + peak in the G34.3+0.15 spectrum appears to be redshifted, it is blueshifted in W3 IRS 5. The HCO + spectral feature of W3 IRS 5 seems to be incompatible with the nominal spectral shapes of the infalling/collapsing models (Zhou et al. 1993 ). An explanation may be because HCO + in W3 IRS 5 might have been affected by the outflows. Helmich & van Dishoeck (1997) The abundances of sulfur-bearing species in the star-forming regions have been found to be significantly different from those in dark or quiescent regions (Charnley 1997) . Sulfur-bearing species are known to form efficiently from reactions involving parent H 2 S. The widely accepted theory of H 2 S formation is that sulfur freezes out onto grains during the collapsing phase, and it remains on the grains in the form of H 2 S until it is evaporated by heating in a hot core (Charnley 1997; Hatchell et al. 1998) . CS is often used as a tracer of dense gas region, and it results from reactions of S + and S with CH and C 2 (van Dishoeck & Blake 1998).
We observed several optically thin, isotopic variants of CS in W3(OH) and G34.3+0.15, and we derived column densities and optical depths using these optically thin lines (Table 4) . CS column density ratios between W3(OH) and G34.3+0.15, derived from isotopic variants, are similar to within a factor of 2. On the other hand, CS column densities of W3(OH), derived from its isotopic variants, appear to be similar.
We have carried out large velocity gradient (LVG) model calculations to construct models for comparison with observations. Comparisons were made for excitation temperatures, optical depths, and the observed intensities of CS (2-1) for W3(OH) and G34.3+0.15. In the models, we examined H 2 densities up to 10 6 cm À3 and used a kinetic temperature of 20 K, approximately the value of T Ã R found from the CO (1-0) line of W3(OH). Input parameters such as column densities, optical depths, and fractional abundances for the LVG calculations were taken from Table 4 . Good agreements in line intensities between models and the observational results were found at hydrogen densities of n H2 ¼ 3 ; 10 4 cm À3 and n H2 ¼ 2 ; 10 4 cm À3 for G34.3+0.15 and W3(OH), respectively. As demonstrated in Figure 8 , the molecular hydrogen densities, optical depths, and excitation temperatures are determined at the points where observed temperatures (T ex ) and theoretical temperatures (T Ã R ) meet. Good agreement in the excitation temperatures and optical depths between observations and LVG models were also found at the crossing points where hydrogen densities are n H2 ¼ 3 4 ð Þ; 10 4 cm À3 . In Figure 8 , the horizontal line is the observed T Ã R , the solid line is the variation of the excitation temperature (T ex ), the dotted line is the variation of T Ã R , and the dashed line is the variation of the optical depth. ( Table 4) . Contrary to the observations of Helmich & van Dishoeck, which show a high abundance of SO in W3(OH) compared to that in W3 IRS 5, we found the opposite result. Although the lower limit column densities were derived for the three sources, the abundances of SO in W3(OH ) and G34.3+0.15 seem to be high, because even the lower limit column densities approach to the column density derived from the optically thick CS line. On the other hand, N(SO) in W3 IRS 5 was found to be greater than N(CS).
The destruction of SO may be contributing to the formation of SO 2 . The SO 2 line intensity of W3 IRS 5 was observed to be Notes.-Results of detected molecules and their transitions with a 1 MHz and 250 kHz filter bank. Some blended spectral features are marked by ''( b).'' Several spectra, for example, HCN, show a large difference in line width between 1 MHz and 250 kHz. This is mostly due to blending at 1 MHz spectra, and, hence, fitting errors are expected to be significant, but errors for some molecules, e.g., C 34 S, are probably due to uncertainties. Line identifications were made after correcting Doppler shift with the velocity of local standard of rest of À46 km s À1 for W3(OH ) and À39 km s À1 for W3 IRS 5.
stronger than that in W3(OH). Helmich & van Dishoeck (1997) attribute it to a more active outflow in W3 IRS 5 than that in W3(OH). The column density of SO 2 in the three sources appears to be less abundant than that of SO by a factor of 4-10. The molecule OCS (J ¼ 7 6) would be detected in W3(OH) and G34.3+0.15, but not in W3 IRS 5. On the other hand, two weak lines of OCS were observed in W3 IRS 5 from submillimeter observations by Helmich & van Dishoeck (1997) . The OCS (8-7) transition was also seen in W3(OH), but it was not detected in G34.3+0.15, where only 1 MHz observations are available. Since G34.3+0.15 was identified as a site rich in molecules compared with W3(OH) and W3 IRS 5, OCS (8-7) should have been detected if the observations had been carried out deep with the high-resolution spectrometer. Our measurements for OCS (7-6) in W3(OH) were performed twice on different dates, because of its weak signal-to-noise ratio. The weak line intensity of OCS implies a low abundance compared with other S-bearing species detected in our observations. The probable reason is that the local temperature is not high enough for the active formation of OCS via a chemical reaction of CS with atomic oxygen. In addition, according to a reaction process postulated by Prasad & Huntress (1982) , the nondetection of H 2 CS-a precursor of OCS in the reaction scheme-is another possible reason accounting for the nondetection of OCS in W3 IRS 5.
HCN and HNC
Both HCN and HNC have the same precursors, HCNH + and H 2 CN + , and have almost the same dipole moments, from which a similar HNC/HCN abundance ratio is expected. HCN has three hyperfine transitions (F ¼ 0 1, F ¼ 1 1, and F ¼ 2 1), and their intensity ratio (i.e., statistical weight) of those components in the LTE and optically thin conditions is 1:3:5.
The chemical model of Brown et al. (1989) predicted an HNC/ HCN ratio of 0.05, whereas Herbst (1978) inferred 0.9. Herbst's ratio is consistent with the one derived in cold clouds, where chemical reactions are dominated by gas-phase reactions (Wootten et al. 1978). A ratio higher than 1.0 is also observed in TMC-1 (Irvine & Schloerb 1984) . The chemical environment seems to be different in warm and giant molecular clouds in which the HNC/HCN ratios are observed to be between 0.015 and 0.40 (Goldsmith et al. 1981) . Since the small ratio in the warm clouds could not be accounted for solely by the gas-phase reaction with a precursor H 2 CN + , Goldsmith et al. (1981) proposed a neutral-atom molecular reaction, CH 2 +H!HCN+H. Talbi et al. (1996) introduced an exchange reaction, H+CNH$HCN+H, to account for the low ratio with increased temperatures. The abundance variation of HCN and HNC between giant molecular clouds and cold clouds is due the particular neutral-neutral reaction, which is important for HCN formation (Millar & Freeman 1984) . This neutralneutral reaction has a small activation barrier. While the reaction is switched off in cold clouds, it proceeds efficiently in the warmer giant molecular clouds, leading to the enhancement of HCN.
In the LTE and optically thin conditions, the three hyperfine structure (hfs) ratio (F ¼ 0 1, F ¼ 1 1, and F ¼ 2 1) in HCN is 1:3:5, and, therefore, deviations from the intensity ratio allows one to investigate optical depth effects. Emission of H 13 CN is assumed to be optically thin, and the hyperfine ratio is expected to retain the LTE ratio. Zinchenko et al. (1993) observed a peculiar HCN hfs ratio toward an H 2 O maser source S76E, where the F ¼ 1 1 intensity is stronger than those of F ¼ 2 1 and F ¼ 0 1. They attributed it to a shielding by blueshifted low density and cold gas in the line of sight. Guilloteau & Baudry (1981) estimated ¼ 1 3 from the HCN lines they studied. In contrast to cold clouds, where the F ¼ 1 1 component is observed to be stronger than F ¼ 2 1 or F ¼ 0 1, in warmer clouds the F ¼ 1 1 component is observed to be weaker than the two other components (Walmsley et al. 1982) . To account for the widespread HCN anomalies, Cernicharo et al. (1984) proposed a scattering process by a diffuse envelope for emission from optically thick hot cores. The first two components are optically thick lines, whereas the last 0-1 component is an optically thin line. Radiation from the hot core of the first two components becomes scattered by the surrounding envelope, whereas the emission of the optical thin component (F ¼ 0 1) penetrates without being scattered. Therefore, the 0-1 component is observed to be relatively stronger than the intensity predicted from LTE.
Among three sources we observed, an hfs ratio close to LTE was observed in W3(OH), and the F ¼ 0 1 component in G34.3+0.15 was observed to be the strongest among the hfs components (Fig. 7) . Our 250 kHz spectrum of G34.3+0.15 shows an evident absorption that was not seen in W3(OH) and W3 IRS 5. Hence, as will be described later in detail, the absorption/scattering by cold gas of the optically thick component (F ¼ 2 1) in G34.3+ 0.15 may be responsible for the observed hfs ratio. The hyperfine ratios of H 13 CN, as was supposed, are found to be consistent with the LTE ratios in the three sources, supporting our assumption that the hfs anomaly seen in the HCN lines can be explained by optical depth effects.
As shown in Figure 7 , typical hyperfine ratios are found from our high-resolution (250 kHz) observations of G34.3+0.15, W3(OH), W3 IRS 5, IRAS 18450À0200, and IRAS 18335À 0711 (S.-J. Kim et al. 2006, in preparation) , and from Mopra surveys of IRAS 17470À2853 (Kim et al. 2002) .
, which is the LTE ratio and is seen in W3(OH) and IRAS 17470À2853.
2.
, which is seen in G34.3+0.15 and in IRAS 18450À0200.
4. F ¼ 2 1 < F ¼ 0 1 < F ¼ 1 1, which is seen IRAS 18335À0711.
We also observed a strong absorption feature in the HCO + spectrum in G34.3+0.15. From this result, we speculate there might be a strong relationship between the HCN hfs ratio and the degree of HCO + absorption, an optical depth effect proposed by Cernicharo et al. (1984) . Thermal overlap effects introduced by Gottlieb et al. (1975) and developed by Guilloteau & Baudry (1981) have been used to account for the anomaly. The model predicts the thermalization occurs for N >10 16 cm À2 , and the LTE ratio deviates at N > 3 ; 10 12 cm
À2
. However, the model fails to predict R 02 > 1 seen from our observations in IRAS 18335À0711 (Fig. 7) and S76E (Zinchenko et al. 1993) , up to N ffi 10 16 cm
, a kinetic temperature of 30 K, and n H2 ¼ 10 5 cm À2 . Though HN 13 C was observed in G34.3+0.15 and W3(OH), it was not observed in W3 IRS 5. The nondetection indicates that the HN 13 C/HNC ratio in W3 IRS 5 is lower than that in the other two sources. Since three hyperfine components of HCN were resolved by the 250 kHz observations, we derived column densities for three hyperfine components separately. As a result, a high abundance in three HCN components was obtained in W3(OH). The derived T Ã A (HNC)/T Ã A ½HCN(F ¼ 2 1) ratios are 0.7 and 0.4 for W3(OH ) and W3 IRS 5, respectively. We obtained only a lower limit column density of HNC in W3 IRS 5, since HN 13 C was not detected. The derived HNC column density (N ¼ 5:68 ; 10 13 cm
) in W3(OH ) is close to that from submillimeter observations by Helmich & van Dishoeck (1997) . This similarity indicates that HNC is an extended component. The highest abundance and optical depth of HNC were found in G34.3+0.15 (Table 4) . , respectively, which imply a similar density distribution for the species in the regions, as proposed by Dickel et al. (1980) . The ratios are very close to each other, even though two sources seem to be in a significantly different evolutionary stages. The similarity in the ratio might be widespread in the interstellar molecular clouds, although it might be premature to conclude this.
5.4. Carbon-bearing Species-CCH, CN, C 3 H 2 , and HC 3 N Unsaturated carbon-chain species such as CCH, CN, and HC 3 N are common components of cold molecular clouds, and they have been widely observed in dark clouds. Among them, HC 3 N is a useful tracer of density of both cold clouds and hot cores.
We observed three transitions of HC 3 N in W3(OH), whereas we have just one clear detection of the 10-9 transition in W3 IRS 5, where it is weak compared to that in W3(OH). With the nondetections of the other two transitions in W3 IRS 5, it implies a relatively low abundance of HC 3 N in this region and suggests that the HC 3 N abundance is enhanced in the later evolutionary phase (e.g., the hot core/ H ii phase) rather than in the earlier phase. From the rotation diagram analysis for HC 3 N of W3(OH), a rotation temperature of 17 K and a column density of 5 ; 10 12 cm À2 was derived (Table 4 ). In comparison with those of G34.3+0.15, temperature and density are similar when 3 mm transitions are used in the rotation analysis, but the analysis using 2 mm transitions results in a somewhat large difference in the column density. The derived column densities and temperatures from the three sources are summarized in Table 4 , in which the column density of C 3 H 2 is a lower limit. 5.5. Symmetric and Asymmetric Species-CH 3 CN, CH 3 OH, CH 3 CCH, H 2 CS, and HNCO The molecules CH 3 CN and CH 3 CCH have been widely used to obtain physical and chemical information in hot molecular cores, as they have several transitions with wide excitation energies in close frequency ranges. Therefore, simultaneous observations of several K-ladder transitions of a molecule can reduce observational errors arising from uncertainties in telescope pointing, beam efficiency, and calibrations.
The molecule CH 3 OH is a slightly asymmetric top molecule and is one of the most common species in the envelopes and the hot cores of star-forming clouds. It is a useful molecule for investigating the evolutionary stage of molecular clouds, because it has many transitions with a wide range of energies from <10 K to >100 K in the millimeter wavelength range. Transitions with energy <20 K above ground state are usually detected in the 3 mm wavelength range, allowing detailed investigations of cold envelope regions rather than warm, hot core regions. A few transitions with large energy differences are also detected.
For a given T (rotational excitation temperature) line intensities can be calculated using the following relation (Loren et al. 1981; Townes & Schawlow 1975) :
where g(K ) is the K level statistical weight, f is the fractional population of each rotational level, and
. The statistical weight g(K ) for K ¼ 3, 6, 9, . . . , is twice those of other K lines (Townes & Schawlow 1975) .
The molecule CH 3 CCH has a lower dipole moment than CH 3 CN, so the relative population of CH 3 CCH should be much closer to being thermalized as its critical density is n $ 10 4 cm À3 . The relatively high dipole moment of CH 3 CN requires densities much higher than 10 4 cm À3 to approach thermalization Andersson et al. 1984) . CH 3 CCH is abundant in halos surrounding hot cores, but CH 3 CN is not seen in halos due to the low excitation temperature there (Andersson et al. 1984 ). Our measured CH 3 CN column density, therefore, is presumed to be affected by beam dilution, resulting in a low measured density.
We detected CH 3 CN and CH 3 CCH in W3(OH) and G34.3+ 0.15, but neither was detected in W3 IRS 5 in our survey. Assuming an early evolutionary phase for W3 IRS 5, according to current chemical models, the nondetection of the two species indicates that their precursors, CH þ 3 , CH 4 , and H 2 O may be highly depleted on the grain surface. On the other hand, according to equation (1), intensities of K ¼ 3n (where n is an integer) lines of CH 3 CN based on its statistical weight are expected to be stronger than K ¼ 2 components. Contrary to the theoretical prediction, however, the 6(3)-5(3) transition was found to be equal or weaker than the K ¼ 2 components; however, all the transitions observed being weak prevents a definite conclusion. Similar differences between the observed line intensities and the statistical weights are also found in the prestellar object IRAS 17470À2853 (Kim et al. 2002) .
A column density N ¼ (2:1 AE 1:0) ; 10 12 cm À2 and a rotation temperature (36 AE 7 K) of CH 3 CN were obtained in W3(OH) using rotation diagram analysis (see Appendix). While a full rotation diagram analysis for the 3 and 2 mm transitions of CH 3 CN observed in the G34.3+0.15 was performed (Kim et al. 2001) , we also made a rotation diagram with the 3 mm data only to compare its column density to the result from W3(OH) (Fig. 9 ). This enables a direct comparison of the physical and chemical characteristics of the two regions. In the G34.3+0.15, a column density N ¼ (1:1 AE 0:1) ; 10 13 cm À2 and a temperature 35:0 AE 3 K were obtained (Table 4) . While we find a good agreement between the rotational temperatures, the column densities differ by $1 order of magnitude, implying that the physical and chemical states of the warm or hot cores are not identical, though they seem to be in a similar evolutionary stage. From CH 3 CCH, we obtained N ¼ (5:1 AE 1:2) ; 10 13 cm À2 and T rot ¼ 25:5 AE 0:5 K in W3(OH); and N ¼ (1:1 AE 0:1) ; 10 14 cm À2 and T rot ¼ 27:0 AE 0:2 K in G34.3+0.15 (Table 4 ). The results of W3(OH) clearly support our assumption: a low temperature and a high column density of CH 3 CCH relative to CH 3 CN. In comparison with OSO-20 m observations by Askne et al. (1984) , who obtained a column density N ¼ (2:8 AE 0:4) ; 10 14 cm À2 and a rotational temperature 40-60 K for CH 3 CCH toward G34.3+0.15 and W3(OH), our observations provide lower column density values, possibly a result of beam dilution because of the larger beam.
The scatter of the data points in the CH 3 CN and CH 3 CCH rotation diagrams is not very significant in the two sources ( Fig. 9) , except for one data point of CH 3 CN and two points of CH 3 CCH of W3(OH). These all have higher excitation energies and are weak lines. Three points are supposed to correspond to very hot core emission as they deviate from the model fit, which is close to a warm core model. There might be, however, some possibility of line misidentification. These lines are weak, and moreover, they were not designated as detections in G34.3+0.15, and only a 1 MHz spectrum is available (Kim et al. 2000) .
Seven CH 3 OH transitions were observed in W3(OH), but none of them were observed in W3 IRS 5. The 0(0)-1(À1) E and 2(1)-1(1) A transitions of CH 3 OH, which were not reported in the previous study of G343+0.15 (Kim et al. 2000) , were detected in W3(OH). Rotation diagram analysis for the lines of A and E types yielded a rotational temperature (9:7 AE 1 K) and a column density [(1:6 AE 0:5) ; 10 14 cm
] from W3(OH) data ( Table 4 ). The rotational temperature and the column density appear to be in good agreement with those obtained from the lower energy transitions (Eu/k < 45 K) of CH 3 OH observed in G34.3+0.15. We employed molecular parameters calculated by Anderson & De Lucia (1990) for the rotation diagram. As shown in Figure 9 , all the transitions except for a transition with a large energy level difference are aligned in the linear fitting. Most of the detected transitions have upper energy states <20 K, and, therefore, they tend to be excited easily at low temperatures in the cold outer halos of hot molecular cores. However, the 8(0)-7(1) A+ transition, with a high energy (84 K), deviates from the linear fit. The detections of CH 3 OH transitions with high excitation energies, as also in CH 3 CN, tend to confirm the existence of a hot core in W3(OH ). For G34.3+0.15, a two-component fit in the rotation diagram with a energy value of 45 K was more successful than a one-component fit (Kim et al. 2000 (Kim et al. , 2001 .
Apart from the nondetection of CH 3 CN in W3 IRS 5, the nondetection of any CH 3 OH transitions in W3 IRS 5 is a remarkable result. From rotation diagram analysis for CH 3 OH transitions in W3(OH) and G34.3+0.15, many rotational transitions with low excitation temperatures are found to be excited in the regions far away from the hot cores. Therefore, the nondetection of methanol implies that methanol or its reaction partners are probably to be frozen on dust grains, which is similar to the cases of CH 3 CN and CH 3 CCH. Allamandola et al. (1992) found a high abundance of solid state methanol in W3 IRS 5 4 orders of magnitude larger than the gas-phase abundance, supporting our results and the evolution scenario. The derived column densities, without consideration of the interaction of dust and gas phase in the dense clouds, must underestimate the total column densities (e.g., Sandford & Allamandola 1993) .
Thioformaldehyde (H 2 CS) like H 2 CO has two distinct rotational energy states: ortho with parallel nuclear spins and para with antiparallel. They cannot be interconverted by radiative transitions (Gardner et al. 1985 ). While three transitions of H 2 CS, two of which are ortho, were observed in W3(OH) and G34.3+ 0.15, there was no detection in W3 IRS 5. An ortho-to-para ratio of 0.81 in W3(OH) and 0.48 in G34.3+0.15 were found. With nuclear spin degeneracy g I ¼ 1/4 for para and g I ¼ 3/4 for ortho (Turner 1991) , we obtained a rotation temperature of 12.5 K, and a column density of 1:1 ; 10 14 cm À2 for W3(OH) using the rotation diagram analysis. In G34.3+0.15, a model fit of three 3 mm transitions gave a very high temperature of 157.5 K, and a column density of 1:2 ; 10 14 cm À2 was derived. However, since the fit as shown in Figure 9 relies on one para transition, 3(0, 3)-2(0, 2), column densities and temperatures derived from W3(OH) or from G34.3+0.15 may not be very accurate. line was only detected in G34.3+0.15. The [4(0, 4)-3(0, 3)] transition of W3(OH) was weak, just above the detection limit. The column density derived from HNCO [4(0, 4)-3(0, 3)] in W3 IRS 5 was close to that of G34.3+0.15, and more abundant by 1 order of magnitude compared to that in W3(OH). However, the line width in W3 IRS 5 appears to be significantly broader than that of other species. Such a broad line width was unexpected considering the nature of thermal emission for the lines. Potential implications are either a severe contamination by noise or turbulence caused by the strong outflows (Churchwell et al. 1986) in W3 IRS 5. However, with the assumption that HNCO line is thermal-using the normal line width seen in other species-we performed Gaussian fitting to derive the line width and intensity. The derived column density ignoring nonthermal effects is 1:7 ; 10 13 cm
, which is comparable with that of G34.3+0.15. Jackson et al. (1984) surveyed HNCO in 18 molecular clouds including W3(OH) using 4 04 -3 03 and 5 05 -4 04 transitions, but the detections of the two transitions toward W3(OH) were negative. Solomon (1973) analyzed that the intensity ratio of T Ã A (5 4)/ T Ã A (4 3) is 1.56 in the case of T R 3 2hBJ /k. While his observations yield the ratio of 0.44, we have found the ratio of 0.7 toward G34.3+0.15.
CHEMICAL VARIATION OF W3(OH ),
W3 IRS 5, AND G34.3+0.15
We have so far investigated chemistry of several species of interest by categorizing them into four groups: ionized, sulfurbearing, HCN and HNC, and symmetric and asymmetric molecules. They were grouped in accordance with characteristics of their excitation conditions, reaction processes, and internal structure. In this section, we discuss their chemistry and summarize our findings through considering the chemistry of G34.3+0.15, where complete surveys were carried out (Kim et al. 2000) and complementary observations were performed during this season.
Our observational results show remarkable chemical and intensity variations in several molecules observed in W3(OH), W3 IRS 5, and G34.3+0.15 ( Fig. 10 and Table 4 ). In comparison with W3(OH), high abundances of saturated molecules such as CH 3 CN and CH 3 CCH were derived in G34.3+0.15. Molecules detected in W3 IRS 5 are mostly simple molecules such as CO and CN, but many S-bearing species were observed. The line width of SO 2 is about 2 times larger than that of W3(OH), indicating that W3 IRS 5 is experiencing strong shocks occurring in the earlier evolutionary stage. The most striking difference in the list of detected molecules in the three sources is the nondetection of any methanol transitions in W3 IRS 5. We expected to see a few methanol transitions, because many transitions at the 3 mm region have low upper state energies, and many of them are detected both in G34.3+0.15 and in W3(OH), and, of course, in the other star-forming regions. In the submillimeter observations conducted by Helmich et al. (1994) , however, many methanol transitions are detected in W3 IRS 5, although the intensities of the transitions compared with corresponding transitions observed in W3(H 2 O) and W3 IRS 4 are weak.
From the results of our and Helmich's observations, we have come up with the following scientific questions on the chemical properties of W3 IRS 5. Why is methanol so rare in W3 IRS 5? Is this direct evidence of adsorption onto grain surfaces? If so, why is the molecule still residing on the surface? Werner et al. (1980) argued that W3 IRS 5 is in a stage just prior to the formation of an H ii region and estimated an age of (1 3) ; 10 5 yr. Based on their estimation of the age and the contemporary evolutionary scenario of molecular clouds, we would expect that hot cores (reservoirs of heavy species) may exist in it. However, our observational results are not consistent with the scenario. If hot cores are embedded in W3 IRS 5, some molecules that are known as a probe of hot cores, e.g., CH 3 OH or CH 3 CN, should be observed, but those molecules have also not been observed. Thus, does the onset of the H ii phase, which is considered the next phase of the hot core stage, such as G34.3+0.15 and W3(OH), play a critical role in the formation of complex molecules including methanol? Or, are the molecules CH 3 CN and CH 3 OH already destroyed or converted to other species in W3 IRS 5?
The CH 3 CN column density in W3(OH) is found to be low by 1 order of magnitude compared to G34.3+0.15, where only 3 mm transitions were used for a consistent comparison of the column densities with W3(OH) ( Table 4) . Since its emissions arise from hot or warm regions, the lower column density in W3(OH) compared to that in G34.3+0.15 reflects different formation environments through collisional rates, hydrogen densities, hot core size, etc. In the submillimeter ($345 GHz) wavelength region, MacDonald et al (1996) found a high CH 3 CN column density in G34.3+0.15, 1 order of magnitude higher than in W3(OH) determined by Helmich & van Dishoeck (1997) . On the other hand, it appears that the CH 3 OH column densities and temperatures are similar in W3(OH) and G34.3+0.15 (Table 4) . This may support an idea that the steady-state gas-phase reaction of CH 3 OH, which was inferred from a low excitation temperature (10 K) derived from our rotation diagram analyses, produces uniform molecular abundances in the regions in a similar evolutionary stage.
A significant difference in the column densities of HC 3 N was also found between W3(OH) and G34.3+0.15 (Table 4) . Although a similar temperature ($15 K) for HC 3 N was found in the two regions, our calculation yields a column density in G34.3+0.15, which is 2 orders of magnitude higher than that in W3(OH), implying an HC 3 N abundance, like CH 3 CN, highly dependent on excitation processes in the regions. . In this plot, we considered both the 3 mm survey of this work and a previous survey ( Kim et al. 2000) . Dickel (1980) found a decrease of CS abundance in W3 IRS 5 from CS (2-1) mapping observations and accounted for it by time-dependent ion-molecule chemistry. Our CS (2-1) map revealed that the CS peak was displaced from the W3 IRS 5 position by $60 00 west, which is close to the strong radio emission observed by Dickel et al. (1980) . W3 IRS 5 is not bright in radio emission, but it is bright in far-infrared as observed by Werner et al. (1980) , suggesting that W3 IRS 5 is deeply embedded in dense dust. W3(OH) seems to be a good site to test an LTE condition, derivations of isotopic ratios, and chemical clocks, because no absorption features of CO or HCO + were seen in W3(OH) spectra, and the derived HCN hyperfine ratio is very close to the LTE ratio, which was not found in the other sources we observed.
As the variation of chemical abundances in the sources was determined, an examination of isotopic ratios and their dependence on evolutionary phase or chemical properties should be of interest (Table 5 ). In W3(OH), isotopic ratios of CS/ It was found that the HCO + /H 13 CO + ratios were 36, 21, and 6 in W3(OH), W3 IRS 5, and G34.3+0.15 respectively. The lower value in W3 IRS 5, compared with that in W3(OH), is probably due to weak absorption feature in the HCO + lines caused by interstellar matter in the line of sight. This absorption in G34.3+0.15 is also shown in CO (Kim et al. 2000) . S] $ 22 in the direction of the Galactic center. According to their study, the isotopic ratios of C and S are found to depend on the positions sampled. Our results seem to be much closer to those in the Galactic center compared to those in the local ISM or in the solar system.
MAPS OF CS, HCO þ , HCN, AND HNC EMISSIONS
We mapped W3(OH) and W3 IRS 5 in the transitions of CS (2-1) and HCO + (1-0) to determine their distributions and sizes for chemical modeling. We also carried out similar observations for HCN and HNC to obtain their spatial distribution toward W3(OH), as the chemical reactions of these species are known to be closely related to each other.
The CS map (Figs. 5 and 11) of W3(OH) shows several small clumps to the northwest, northeast, andsouth of W3(OH). In the CS map of W3 IRS 5, the peak (2.4 K) is seen at $60 00 west from the central position of our observations; and the peak position corresponds to W3 IRS 4. Dickel et al. (1980) saw that the CS peak falls to 0.5 K in the direction of W3 IRS 5. The peak position for the CS emission agrees well between this and our observations, but the peak intensity (0.9 K) of CS we measured is stronger than that of Dickel et al. (1980) . The CS intensity of W3 IRS 5 was observed to be weaker than W3(OH) by a factor of 2.5.
The HCO + intensity distribution of W3(OH) shows a more diffuse emission than in CS. The HCN map of W3(OH) shows a southwest-northeast elongated distribution, whereas the HNC distribution appears to be more compact, in addition with one or two embedded clumps in the northeast and southwest directions (Figs. 5 and 12) . The HCO + distribution is the most extended of the three molecules.
COMPARISONS WITH CHEMICAL MODELS
Chemical model calculations have been performed by several authors to explain different chemical characteristics of Orion-KL and TMC-1 (Caselli et al. 1993; Millar & Freeman 1984) . Chemical models have been improved, as various laboratory measurements of molecular reactions have provided proper reaction rates between important reaction chains (Caselli et al. 1993) . Recently, the ultracompact hot core, G34.3+0.15, has been comprehensively studied with model comparisons by Millar et al. (1997) . Thus far, chemical model calculations have been concentrated on either cold or innermost hot cores. We have carried out the calculations for a warm core with an intermediate temperature $35 K and for a halo with low temperatures $10 K, because the two components are found from our observations and analyses.
Our observations at the 3 mm wavelength seem to provide a better opportunity in the study of chemistry of the warm and cold halo regions. Most emissions at this wavelength have lower energy than those of submillimeter wavelength, providing better conditions for deriving physical values such as temperature and density, which are input parameters in the model calculations. The telescope beam size at this wavelength can cover warm and halo regions at the same time. Although model calculations for a hot core with typical temperatures of >100 K and core size <0.1 pc may have some significant inaccuracies, we carried out hot core model calculations to show that low-temperature models are more consistent with the 3 mm observations than 100 K models, <0.1 pc.
In the W3(OH) model calculations, we used distinct shell layers with certain temperatures and densities, because two distinct layers were revealed from the analyses of the observed data. We used a model code developed for G34.3+0.15 by Millar et al. (1997) . In the model, we used temperatures and densities derived from our observations and rotation diagram analyses. Our line survey shows that W3(OH) has at least two distinct components having different temperatures and densities. They are a cold halo with a temperature of 10 K, a volume density of 2 ; 10 4 cm
À3
, and a radius of 1.5 pc; and a warm /hot core with temperatures in the range of 35-100 K, densities 2 ; 10 5 , 5 ; 10 5 , or 3 ; 10 6 cm À3 , and radii ranging from 0.1 to 1.0 pc. The input parameters for the model calculations are summarized in Table 6 .
The visual extinction values adopted in our model calculations are somewhat different from those used for hot cores such as G34.3+0.15 by Millar et al. (1997) . We used an H 2 and
] that is more valid in the cold outer region than the inner hot region. It is known that there is 1.6 mag of extinction per a column of hydrogen of 3 ; 10 21 cm À2 . The uncertainty in the visual extinction does not affect the chemical model, because 72 mag of visual extinction as used in Figure 13 is equivalent to about 300 mag in the UV, and, therefore, there are no UV photons to affect the chemistry. Figure 13 shows results of the calculations considering grainsurface reaction routes, where the calculations were performed with a temperature of 100 K, and a density of 3 ; 10 6 cm
. The input values for the 100 K model are assumed, as they are found to be typical in hot cores. The chemical model code was set, as a default, to perform calculations using desorption of molecules from grains in the innermost region (<0.1 pc), where evaporations of mantle components and then gas-phase reactions are known to be significant. Initial values used in the model calculations such as hydrogen density, cloud temperature, extinction, and cloud radius are given in the plot. A sharp increase of abundances occurs at an early time, $3 ; 10 4 yr, in this model. The abundances then drop rapidly after 10 5 yr. The rapid abundance Wilson et al. (1991) . b Helmich & van Dishoeck (1994) . c Helmich & van Dishoeck (1994) ; Mauersberger et al. (1988) ; Wilson et al. (1991 [Strohacker 1978 ; N( 13 CO) from Helmich & van Dishoeck (1994) ] and from this work. decrease in hot cores is related with the change of fractional ion density, which is inversely proportional to the square root of gas density (Caselli et al. 1993 ). The plot of N 2 H + and HCO + shows that N 2 H + is more abundant than HCO + and sharply increased at 10 4 yr.
The H 2 S molecule is known to be critical in the formation of S-bearing species in a region having a temperature >100 K. H 2 S is evaporated from mantle and it seems to survive about 10 3 -10 4 yr. Molecules O 2 and OH are more abundant than H 2 S, although the plots for these reactants are not presented here. According to Millar et al. (1997) , the SH radical that is liberated through reaction with atomic hydrogen is destroyed by an H atom, creating an S atom. The S atom reacts with O 2 and OH to form SO, followed by the formation of SO 2 from SO with the reaction with OH. In a longer timescale, CS is the most abundant species after SO 2 . The plot shows that SO 2 is most abundant between 10 3 and 10 4 yr, but after 10 4 yr CS is most abundant, followed by OCS, SO, and SO 2 .
The HCN and HNC plot demonstrates that HNC is more abundant than HNC for <10 3 yr due to the recombination of H 2 NC + , which is formed by the reaction of C + and NH þ 3 . Their abundances become almost the same up to 10 8 yr as neutralneutral reactions become efficient for producing HCN (Millar et al. 1997) .
The plot of C-containing species shows that C 2 H is most abundant for <10 3 yr, followed by CN, C 3 H 2 , and HC 3 N. The abundances of the species drop at the core age of 10 4 . After 10 5 yr, CN is most abundant, followed by C 2 H, C 3 H, and H 3 CN. The HC 3 N molecules are effectively produced in the hot gas through the reaction of C 2 H 2 and CN. Its abundance has a peak at 5 ; 10 3 yr, and its reactant C 2 H 2 drops sharply at the age of 10 4 yr, although the C 2 H 2 model is not included in this plot.
The plot of CH 3 OH, CH 3 CN, CH 3 CCH, and H 2 CS is most interesting, as these molecules are known to form effectively through reactions with mantle components. In the hot gas, the formation of CH 3 CN is mainly driven by radiative recombination of CH þ 3 with HCN, which is also the major formation in the halo (Millar et al. 1997) . H 2 CS becomes the most abundant molecule after 10 4 yr, and the abundances of CH 3 CN and CH 3 OH are roughly equal. Figure 14 presents plots of 60 K models for several molecules, adopting a hydrogen volume density of 5 ; 10 5 cm
. The 60 K model calculations have been performed including the assumed input parameters, but with a lower density of hydrogen molecule and with an increased source radius compared with those of the 100 K model. The models exclude grain-surface reactions to be different from the 100 K models, because the return of mantle molecules should be less important in cooler gas.
The HCO + and N 2 H + plot shows that HCO + is abundant by more than 1 order of magnitude compared with N 2 H + (Table 4 ). The plot shows that the difference of the abundances is significant in the earlier stage in contrast to the 100 K model. The plot of S-bearing species shows that CS is still the most abundant for <10 5 yr. After 10 5 yr, CS, SO, SO 2 is roughly equal, whereas the abundance of OCS is very low. The calculation of column density (Table 4) indicates that SO 2 is the least abundant molecule, followed by OCS, the abundance of which was derived from the 8-7 transition. The OCS abundance derived from the J ¼ 7 6 transition in the table seems to have a somewhat large error bar, as the line is weak and contaminated by noise.
The HCN and HNC plot shows that their abundances are almost the same throughout the evolutionary time, but HNC becomes more abundant after 10 5 yr. Table 4 shows that column densities for HCN and HNC are very close each other and consistent with the model.
The plot of C-containing species shows that their abundances are almost the same for <10 5 yr, and then CN is the most abundant for >10 5 yr, as also seen in the 100 K model. We were not able to derive the column densities of CN and C 2 H due to the complexity of their hyperfine structures. We could obtain a more accurate excitation temperature of HC 3 N from rotation diagram analyses than an approximate value used for C 3 H 2 (see Appendix). Therefore, the column density of HC 3 N seems to be more reliable than C 3 H 2 .
The plot of CH 3 OH, H 2 CS, and CH 3 CN shows that there are minor differences in the fractional abundances before 10 4 yr, but after 10 4 yr H 2 CS is most abundant, followed by CH 3 OH and CH 3 CN. The model shows an increase of fractional abundances smoothly up to 10 4 yr compared to the 100 K model. Among the three species, CH 3 CN is least abundant (Table 4) , which is consistent with the model. The largest abundance of H 2 CS is found in G34.3+0.15, whereas CH 3 OH and H 2 CS abundances are almost the same in W3(OH).
As the maximum temperature of 35 K is derived from the CH 3 CN rotation diagram analyses, a boundary of two components with a warm core and cold envelope was assumed to exist around 35 K with a hydrogen volume density of 2 ; 10 5 cm À3 ( Fig. 15) . In fact, the temperature range of a warm core is known to be 30-100 K (Garay & Rodriguez 1990; Andersson & Garay 1986 ). Therefore, we expect that the 35 and 60 K models would produce similar results and may agree with molecular abundances of a warm core, for example, CH 3 CN, in our observations. The hydrogen volume density adopted in the 35 K model calculation is very close to that found from the LVG calculation of CS. This 35 K model generates similar results to those from the 60 K model as expected, since there are only minor differences in temperature and density as well as a minor difference in A v . The decrease of CS and increases of SO 2 and SO are seen in this model as well as seen in the 60 K model. Figure 16 presents results of the model calculations taking a temperature of 10 K for the envelope component, which was derived from the rotational analyses of methanol lines. The HCO + and N 2 H + plot shows a sharp decrease after 10 6 yr, but the plot is similar to those in the 35 and 60 K models. The plot of S-bearing species shows that the abundances of SO and SO 2 drop sharply after 10 6 yr, and SO 2 seems to be almost destroyed. The decrease of SO is very different from the results of the 35 and 60 K models, where SO increases as CS decreases. HCN and HNC remain almost the same throughout the time span. The plot of C-containing species shows that the abundance of these species are roughly equal before 10 4 yr, since then CN is the most abundant molecule, whereas HC 3 N becomes the least abundant molecule.
By examining fractional abundances derived from the theoretical modelings and the observations, we may be able to estimate the age of W3(OH). The CO is best fitted in the 10 K model with a cloud age between 10 4 and 10 5 yr. HCO + shows steady variation in density regardless of models except at 100 K, which is far from consideration for this molecule. The amount of ionization is determined by cosmic rays, and therefore affects overall chemical evolution. Therefore, ionized species including HCO + is significantly influenced by the increase of cosmic rays. We took the same cosmic-ray value for the model calculations, resulting in steady variations of HCO + and N 2 H + . Since 10 K was obtained from the rotation diagram of CH 3 OH, we expected that a 10 K model of the molecule would produce a good agreement with observations. However, the resultant 10 K model value is found to be 4 times higher than observations. Among conceivable possibilities accounting for this difference, the hot core emission seems to be one of major reasons. The best fits of CH 3 CN have been found at the 35 K model and the 60 K model.
However, H 2 CS shows a large difference between the model and observation, as occurs for other S-bearing species. The rotation diagram of HC 3 N results in an excitation temperature of 17 K, which comes between the warm core and halo. The best agreement of HC 3 N is found at the 35 K model. Our models produce similar density variations over the ages of the clouds, and the best fits were seen at 35 K or at 10 K.
Since Orion-KL is the most extensively studied star-forming region through observations and model calculations, our observations and models have been compared with those of Orion-KL. Three distinct components having different physical and chemical characteristics are found, which are hot core, plateau, and ridge (extended and compact; Blake et al. 1987) . The physical condition of the hot core of Orion-KL is not consistent with the warm and cold component of W3(OH). Emission lines from the plateau are broad indicating outflow effects. Our survey shows evidence of outflows in W3(OH) from the observations of SiO, SO 2 , and SO. We are not sure whether these emissions are in fact coming from the interaction with outflows, whereas emissions from the molecules in W3 IRS 5 seem to be highly influenced by outflows evidenced by large line widths compared with W3(OH) ( Table 1) . Then, the most interesting region among the three components of Orion-KL is the ridge (extended and compact), because it shows relatively close agreement in temperature with the warm core of W3(OH) considering the analyses by Blake et al. (1987) . The extended ridge of Orion-KL is dominated by species containing many carbons, whereas the compact ridge has more complex species including CH 3 CN, CH 3 OH, HCOOCH 3 , etc. The temperature of the compact ridge is 3 times higher, and the extended ridge has a temperature 2 times higher than the warm component of W3(OH). Despite the fact that the detected molecules in W3(OH) and in the ridge components of Orion-KL are similar, there are differences in heavy molecules such as HCOOCH 3 and CH 3 OCH 3 . These undetected heavy species are known to form by ion-molecule reaction starting from CH 3 OH and H 2 CO, which are abundant in the compact ridge (Caselli et al. 1993) . CH 3 OH is detected from our survey, but none of the heavier species such as HCOOCH 3 and CH 3 OCH 3 are detected even from the G34.3+0.15 survey of Kim et al. (2001) . This implies that a temperature of 35 K for a warm component is not suitable for efficient formations of the next generation of CH 3 OH and H 2 CO, although Caselli et al. (1993) assume evaporation of hot cores to occur at 40 K to explain well-known early-time peaks at 3 ; 10 4 yr. The possible reasons are (1) precursors CH 3 OH and H 2 CO are not abundant in the warm region of W3(OH); (2) the temperature of 35 K not enough for the efficient evaporation of those species from the grain mantles; (3) heavy species may be confined to small clumps, making it hard to detect them with our large-beam telescope, as the estimated core size of W3(OH) is very small compared to that of Orion-KL.
On the other hand, the 10 K model shows relatively high abundances of reactive C-bearing species than other models.
These carbon species are observed to be abundant in cold, dark clouds such as TMC-1, where gas-phase reaction is dominant. We could not note any significant difference among three models (10, 35, and 60 K) because those models assume that gas-phase reaction is particularly dominant in the intermediate-or lowtemperature region, rather than grain-surface chemistry as applied to our 100 K model. However, we could obtain high abundances of CH 3 CN and H 2 CS in the 60 K model, which are presumably due to thermal effects, known to be particularly efficient in star-forming regions (Caselli et al. 1993) .
Overall, the 35, 60, and 10 K models with cloud ages of 10 4 -10 5 yr show better agreement with the observations compared to the 100 K model (Table 7) . Helmich et al. (1994) estimated that the age for W3(H 2 O) is less than 10 5 yr and is probably of the order of several times 10 4 yr, which appears to be close to our estimation. However, a significant disagreement in the abundances of sulfur-bearing species such as SO, CS, OCS, SO 2 , and H 2 CS is found. Similar substantial disagreements between models and observations had also been found for several hot cores (Hatchell et al. 1998) . The chemical abundances of sulfur-bearing species are highly dependent on initial injections of H 2 S from grain surface to gas phase (Hatchell et al. 1998) , but our chemical model usually adopts the fractional abundance relative to hydrogen molecule to be 10 À6 previously found in the Orion hot core and plateau (Minh et al. 1990 ). Reduced initial abundances for H 2 S from 10 À6 to 10 À8 or $10 À7 produce good agreements with observations (Hatchell et al. 1998) . Our model calculations and those Thompson & MacDonald (1999) .
conducted by Hatchell et al. (1998) , therefore, suggest that the reduced initial abundance of H 2 S should be adopted in the chemical models for molecular clouds other than Orion-KL, Sgr B2, and Sgr A.
The model code involves major assumptions in the chemical reaction rates, particularly in the desorption of molecules from the grains so that they can participate in gas-phase chemistry. While basic input physical parameters in the model calculations are properly obtained, uncertainties still exist not only in the observations but also in the model calculations in which dynamical effects, for example, are not included (Millar et al. 1997) . Nevertheless, we could obtain reasonable agreements between the observations and the warm /halo models, in which we turned off grain-surface reactions. (Kim et al. 2000) .
We estimated column densities from isotopic ratios for molecules where one transition was detected. In particular, the rotation diagram method for HC 3 N, CH 3 CN, and CH 3 OH, where several transitions were observed was used to derive temperature and column density of the species. Lower limits to the column density for species having one or two transitions were also estimated. Significant differences in the chemical properties and abundances in the three regions are found. G34.3+0.15, in comparison with W3(OH) and W3 IRS 5, shows a high detection ratio of saturated molecules such as CH 3 OH and CH 3 CN as well as SO 2 . We also found significant chemical differences between W3(OH) and W3 IRS 5, which is consistent with the observations by Helmich et al. (1994) and Helmich & van Dishoeck (1997) , who concluded that W3 IRS 5 was in a less evolved stage and has a lower excitation temperature than W3(OH). The core sizes of W3(OH) and W3 IRS 5 are estimated to be $2 and 1.3 pc, respectively, from the CS (2-1) map.
Our major results are summarized as follows:
1. The chemical compositions of W3(OH) and W3 IRS 5 are quite different, implying they are in different evolutionary stages, supporting the results of Helmich et al. (1994) .
2. Variations of observed line intensities in the three regions ( Fig. 10 and Tables 2 and 3) seems to be evident. Among these three sources, G34.3+0.15 is found to be richest in organic species as well as other radical species.
3. Species such as SO, SO 2 , and SiO are detected in W3(OH), but SiO is not detected in W3 IRS 5. Species (SO and SO 2 ) detected in W3 IRS 5 may result from shocks induced by outflows. However, the non detection of SiO in W3 IRS 5 is a little perplexing as its abundance is also known to be enhanced in the postshock gas. Therefore, more sensitive searches for SiO in W3 IRS 5 are required. Most of the detected lines in W3 IRS 5 are from simple linear molecules, except for SO 2 , C 3 H 2 , and HNCO, suggesting that W3 IRS 5 is in a state prior to the formation of the hot core or H ii phase. There are significant abundance differences between the observations and model calculations, especially in the S-bearing species such as SO and SO 2 . Large line widths of SO and SO 2 in W3 IRS 5 imply that W3 IRS 5 is experiencing shocks from outflows in an early evolutionary phase.
4. Absorption features in the HCO + (1-0) and CO (1-0) spectra of W3 IRS 5 and G34.3+0.15 indicates the presence of cold material along the line of sight or the presence of a surrounding cold collapsing envelope. For W3 IRS 5, the line feature of the CO (1-0) profile is consistent with the collapsing or infalling cloud model (Zhou et al. 1993 ), whereas it is not for HCO + (1-0). We attributed this to shocks generated by outflows active in the earlier evolutionary phase of molecular clouds, but more detailed observations are needed to test this. On the other hand, a strong absorption feature in the HCN (1-0) and HCO + (1-0) transitions is seen toward G34.3+0.15. These are consistent with the collapsing cloud model.
5. The nondetection of N 2 H + toward W3 IRS 5, considering gas-phase chemical reactions in the earlier evolutionary stage, is contrary to our expectation. It is possible that the nondetection is due to depletion observed in cold dark clouds (Bergin et al. 2002) .
6. H41 is detected only toward W3 IRS 5, whereas OCS, CH 3 CN, H 2 CS, CH 3 CCH, and CH 3 OH are only seen in W3(OH). The nondetection of H41 toward W3(OH) means that the line relative to W3 IRS 5 is optically thin. Its detection toward W3 IRS 5 is presumed to be due to the emission by the compact H ii regions physically associated with W3 IRS 5. A detection of H41 having broader FWHM (21 km s
À1
) and high energy (Eu ¼ 94 K) in the direction of W3 IRS 5, and its nondetection toward W3(OH), is far from our expectations. We tentatively attribute the detection of the recombination line in W3 IRS 5 to several compact H ii regions physically associated with W3 IRS 5, based on its emission velocity (VLSR ¼ À40 km s À1 ). The ultracompact H ii regions W3F or W3M found near IRS 7 and IRS 5 (Colley 1980 ) are possible candidates.
7. The 5 extent of the CS (2-1) and HNC (1-0) maps of W3(OH) is estimated to be $0.6 pc at a distance of 2.2 kpc. Although HCN distribution is similar to CS, it is slightly elongated (Fig. 5) . In the direction of W3 IRS 5 a large clump comparable to that of central clump of W3(OH) is identified at $60 00 west from the central position. The HCO + (1-0) image of W3(OH), compared to CS and HNC, shows rather diffuse distribution having a radius of about 1.5 pc.
8. We confirm that the chemical variation of molecular clouds in different evolutionary phases is evident, as predicted by chemical models. However, we emphasize the importance of more sensitive measurements, especially for H 2 S, and for consideration of shock chemistry to provide more robust predictions of S-bearing species.
APPENDIX COLUMN DENSITIES
A1. LTE: FROM MEASUREMENTS OF OPTICALLY THIN LINES
When optically thin lines are detected, we can derive column density and excitation temperature from the relative intensity ratios:
where f is the beam-filling factor, which is 1 for extended source, and T 0 ¼ h/k. For an optically thick line ( 3 1),
On the other hand, if the excitation temperature, T ex , is known, then the optical depth is given by
The optical depth, , is related to the column density and excitation temperature by
The column density of an optically thin, isotopic line is given by N iso ¼ 3hÁv iso iso Q(T ex ) 8 3 2 iso S iso (exp h=kTex À 1) exp ÀEu=kTex :
In the high-temperature limit (hBTkT ) diatomic and linear molecules have a partition function,
where ¼ 1 for HCN, HNC, HCO + , and SiO, and ¼ 3 for HC 3 N to account for the hyperfine splitting and 3 AE species such as SO and C 2 S (Blake et al. 1987; Turner 1991) . In the high-temperature limit (hATkT , hBTkT ) the partition function for the symmetric molecules CH 3 CN and CH 3 OH have the form (Turner 1991 )
where ¼ 1/3 (Blake et al. 1987) and ¼ 2/3 (Turner 1991 
and the abundance ratio X is determined by
A2. LOWER LIMIT COLUMN DENSITY
For molecules having only one detected transition without isotopic species, we derive a lower limit to the column densities by assuming that the rotation temperature of linear molecules is T rot ¼ E u /k, and for symmetric or slightly asymmetric tops is T rot ¼ (2/3)E u /k (see MacDonald et al. 1996 ). Then, a lower limit to the column density of linear molecules is given by
and for symmetric or slightly asymmetric top molecules by
A3. ROTATION DIAGRAM
Column densities and rotational temperatures of molecules with several detected transitions are derived from the rotation diagram method with several assumptions: T rot 3 T bg , the lines are optically thin, and all the level populations are in thermal equilibrium (Blake et al. 1987; MacDonald et al. 1996) :
and
Setting equation (A17) equal to equation (A18), and taking natural logs, one finds the relationship
where is the transition frequency, is the permanent electric dipole moment, k is the Boltzmann constant, g I and g K are degeneracies, E u is the upper state energy, S is the line strength, Q(T rot ) is the partition function for the rotational excitation temperature T rot , N T is total column density; and R T Ã R dv is the integrated line intensity. The reduced nuclear spin weight, g I , and K-level degeneracy, g K , of linear molecules are both 1. For C 2v species such as CH 3 CN and CH 3 CCH, however, g K ¼ 1 for K ¼ 0 and g K ¼ 2 for K 6 ¼ 0, and g I ¼ 1/2 for K ¼ 3n and g I ¼ 1/4 for K 6 ¼ 3n (where n is an integer; Turner 1991).
If several lines are observed, it is possible to fit a straight line to a plot of ln N u /g u ¼ ln N T /Q exp (À E u /kT ) against E u /k, where N u is the upper state column density, to yield the temperature from the slope and the column density from the intercept. Therefore, the total column density can be derived by the relation
where y p is the intercept on the y-axis obtained from the fit to equation (A19). 
